Introduction
Recombinant DNA techniques have revolutionized the field of microbiology. The techniques are quite helpful to analyse and modify various functions of cells. Using recombinant DNA techniques we have succeeded in analysing and modifying the metabolic functions of micro-organisms [ l] . Focusing on the glyoxalase system we have analysed a glycolytic-methylglyoxal cycle and have produced a 'jumbo' yeast, which could produce a large amount of S-lactoylglutathione [2-41. 
Outline of the glycolytic methylglyoxal pathway
It has become possible now to manipulate several genes to generate useful micro-organisms. W e have generated a jumbo yeast by introducing genes for proteins involved in methylglyoxal resistance, including the gene for glyoxalase I. The glyoxalase I product plays an important role in cells, detoxifying methylglyoxal synthesized from dihydroxyacetone phosphate (DHAP) by methylglyoxal synthase. Methylglyoxal is a very toxic substance, detoxified by several routes and the reason why such a toxic substance is synthesized in the cells is an interesting question to study.
The glyoxalase system consists of two enzymes, glyoxalase I and 11. Methylglyoxal is converted to S-lactoylglutathione (S-LG) by glyoxalase I and is metabolized further to lactate by glyoxalase 11. Glyoxalase I activity in the yeast cell is increased by glycerol, but not by glucose and seems to be regulated by phosphorylation and/or dephosphorylation [ S ] , as well as by various regulatory factors.
Glyoxalase I activity is related to cell growth. The tumour-promoting agent, phorbol 12-myristate 13-acetate (PMA), increases glyoxalase I activity and inhibits glyoxalase I1 activity in yeast [6] and under this condition S-LG accumulates in the cells. Using the methylglyoxal-detoxifying pathway, various metabolites can be produced in a high yield [2, 41 (Figure 1) . Since the pathway runs parallel to the glyocolysis pathway, we named it the glycolyticAbbreviations used: DHAP, dihydroxyacetone phosphate; GAG', glyoxalase I-activation conferring; GSH-I, y-glutamylcysteine synthetase; GHS-11, glutathione synthetase; S-LG, S-lactoylglutathione. methylglyoxal pathway. Its physiological role is still under study; it seems to have a very important relationship to cell growth and/or division.
Detoxification of methylglyoxal
Glycolysis is a well known metabolic pathway which is an energy-generating system and has been studied for many years. It can be used as a bioreactor [l] , through which ATP can be generated and many useful compounds can be synthesized. The glycolytic pathway contains various kinds of enzymes and many of the genes for these enzymes have been cloned from a yeast (Saccharomyces cerevisiae) and a bacterium (Escherichia colz). Glucose is metabolized in glycolysis to generate ATP. The first step is that glucose is phosphorylated to give glucose-&phosphate (G6P), which is converted to fructose-&phosphate (F6P) and then further phosphorylated to fructose-l,6-bisphosphate (FHP). Fructose-1,6-bisphosphate is cleaved into two 3-carbon (3C) compounds, DHAP and glyceraldehyde-3-phosphate (GA3P). These 3C compounds are interconvertible and glycolysis flows mainly through glyceraldehyde-3-phosphate.
However, another interesting and important pathway starts from DHAP, which is converted to methylglyoxal by methylglyoxal synthase. Methylglyoxal is metabolized to S-I,G or lactaldehyde and then finally to lactate. Thus there is a metabolic pathway from DHAP to lactate through methylglyoxal ( Figure 1 ). However, this pathway is not an alternative to glycolysis since it does not produce ATP. We designated this pathway the glycolytic methyglyoxal pathway. It seems to be concerned with the cell growth and division and is found widely in all kinds of cells from microbial to those of higher animals and plants.
Methylglyoxal is a toxic metabolite usually found in all organisms at extremely low concentrations and is detoxified through four routes as shown in Figure 1 . (1) The glyoxalase system in which methylglyoxal is detoxified first to S-I,G by glyoxalase I and then to lactate by glyoxalase 11. Methylglyoxal and S-LG seem to regulate cell division. (2) The redox system in which methylglyoxal is reduced to lactaldehyde by methylglyoxal reductase and lactaldehyde is then oxidized to lactate by lactaldehyde dehydrogenase [ 7 ] . ( 
Glycolytic methylglyoxal pathway in micro-organisms
Abbreviations used: AR, aldehyde reductase; FBP, fructose-I ,6-bisphosphate; F6P, fructose-6-phosphate; G6P, glucose-6-phosphate; Glo-I, glyoxalase I; Glo-ll. glyoxalase II; GSH. glutathione; LALDH, lactaldehyde dehydrogenase; LDH, lactate dehydrogenase; MGDH, rnethylglyoxal dehydrogenase; MGR, methylglyoxal reductase; MGS, methylglyoxal synthase.
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J. sion to pyruvate in which methylglyoxal is oxidized to pyruvate by methylglyoxal dehydrogenase [8] . This route is found in a bacterium, Pseudomonus putida. (4) Reduction to acetol in which methylglyoxal is reduced to acetol (1-hydroxy-2-propanone) by NADH-dependent aldehyde reductase [9] . This route was found recently in the yeast Hunsenulu mrakii. The routes (1) and (2) are common in microorganisms, however, (3) and (4) are found only in a few micro-organisms.
Relationship of glyoxalase I activity to cell growth and division
Several enzymic reactions are involved in degrading methylglyoxal. The glyoxalase system seems to be important not only in degrading methylglyoxal, but also in cell growth and/or division, for the following reasons. (1) Glyoxalase I is highly activated in cancer cells [ 10, 1 11. (2) The glyoxalase I activity of temperature-sensitive cell-division cycle ( CDC) mutants of S. cereviske changes in correspondence with cell growth and arrest [12] . (3) Phorbol 12-myristate 13-acetate (an activator of protein kinase C) activates glyoxalase I activity, while it inhibits glyoxalase I1 activity [6, 131 . Under these conditions S-LG accumulates in the cell. It has been proposed that an increased level of S-I,G is related to the tumour-promoting properties of the compound [ 141. The growth-inhibiting effect of methylglyoxal and the growth-promoting effect of S-I,G seem to regulate cell growth and hence there is the possibility to find anti-cancer drugs by inhibiting glyoxalase I activity [ 151.
Cloning a gene for a protein that controls glyoxalase I gene expression in yeast
A DNA fragment was obtained from a genomic DNA library of S. cereviske which made a yeasttransformant resistant to hemimercaptal (an intrinsic substrate for glyoxalase I that is a non-enzymic condensation product of methylglyoxal and glutathione) by increasing the glyoxalase I activity [ 161.
However, the open reading frame (OW) coded for a protein of 14.7 kDa [ 171 that is much smaller than glyoxalase 1 (32 m a ) . W e designated it the GAC (glyoxalase I-activation conferring) gene. It has characteristically several cysteine residues near the C-terminal of the peptide, which seems quite similar to the Zn-finger structure of the C, type [17] . 
Increase in glyoxalase I activity via the mating factor receptor and phosphorylation of the enzyme in yeast
Since methylglyoxal is thought to play an important role in yeast-cell growth and/or differentiation, we investigated the effects of the yeast mating factor response on the enzymes in the glyoxalase system [19] . The glyoxalase I activity increased while the glyoxalase I1 activity decreased in a-type S. cueviszize cells when they were exposed to a culture supernatant in which a-type cells had been grown [19] . This phenomenon was not observed in mutated a-type yeast cells that were deficient in the a-factor receptors. Therefore we concluded that this increase in glyoxalase I activity took place via the a-factor receptor. In addition we have demonstrated that glyoxalase I protein is phosphorylated in vitro when the phosphatase-treated enzyme was incubated in cells extracts prepared from cells treated with the opposite mating factor [ S ] . The glyoxalase I activity seems to be regulated through phosphorylation and/or dephosphorylation of the enzyme.
The products of the STE7 [ZO] and STEZZ [21] genes, which are involved in yeast signal transduction and which have some homology to protein kinases, may play an important role in regulating enzyme activity in the glyoxalase system. W e are trying now to isolate the protein kinases whose substrate is glyoxalase I and whose activity is regulated during signal transduction in yeast cells. Recently we have observed an increase in the levels of the transcripts of both GAC and the glyoxalase I gene in yeast treated with the mating factor [22] .
Breeding of a jumbo yeast and the production of S-lactoylglutathione and other compounds
Since the methylglyoxal-scavenging reaction by glyoxalase I is active in cancer cells, the presence of methylglyoxal seems to regulate the proliferation of the cancer cell. This suggested the possibility of generating a yeast that could grow as rapidly as cancer cells, by introducing the glyoxalase I gene. [27] and treating the cells with organic solvents inactivated glyoxalase I1 while glyoxalase I activity remained [28] . Therefore the organic solvent-treated cells could produce much more S-LG ( > 30 g/l) [28, 29] .
In Figure 2 , the glycolytic methylglyoxal pathway is drawn with various possible product compounds. Although some of these compounds could be synthesized chemically, by combining a number of these enzymes, one can obtain various useful compounds readily. For example, acetyl-CoA, an energy-rich compound ten-fold larger than ATP, can be obtained by using the group-transfer reaction of glutathione thiolesterase [ 301. Using S-I,G instead of S-acetylglutathione, one can obtain the corresponding compounds. All these conversions are catalysed by enzymes whose activities can be enhanced by cloning and expression of their genes. Therefore in the future it is probable that various useful compounds will be obtained by using various metabolic pathways.
Synthesis of glutathione and the tertiary structure of glutathione synthetase
Glutathione is a detoxifying tripeptide consisting of 1.-glutamate, 1.-cysteine and glycine. It binds to methylglyoxal to make S-I,G in a reaction catalysed by glyoxalase I. Glutathione is biosynthesized in two sequential enzymatic reactions. The first reaction is catalysed by y-glutamylcysteine synthetase (GSH-I) and the second by glutathione synthetase . The genes coding for GSH-I and GSH-I1 have been cloned from E. coli, combined into one plasmid and then introduced into the E. coli cell. A transformant carrying the combined plasmid could produce a large amount of glutathione [l-41. The entire nucleotide sequence and then the amino-acid sequence of both genes have been determined. One of them, GSH-11, has been crystallized and subjected to X-ray analysis and the tertiary structure has been determined recently. This is the first example from Japan and may be the third or fourth example in the world of the determination of the tertiary structure of an enzyme with an ATP-binding site [ 3 11.
Glutathione thiolesterase
Conclusion
We could obtain the following results by using the recombinant DNA techniques or by analysing the metabolism of methylglyoxal in micro-organisms.
(1) Methylglyoxal is enzymically synthesized and degraded by several routes, such as the glyoxalase and redox systems, the direct conversion to pyruvate and the reduction to acetol. (2) The genes for glyoxalase I were cloned from a yeast, S. 
+ GSH
The cofactor role of glutathione is unusual in that glutathione reacts nonenzymically with methylglyoxal to form a hemithioacetal which is the actual substrate for glyoxalase I. The dissociation constant K,, for the hemithioacetal of 3 x 10-jM is in the range of the intracellular concentration of glutathione; therefore the fraction of methylglyoxal that exists as the hemithioacetal is markedly dependent upon the glutathione concentration, especially because the flux of methylglyoxal produced intraAbbreviations used: DNTB, 5,5'-dithio-bk-(2-nitrobenzoic acid); GSH, glutathione.
cellularly is in the low pmolar range [6] . The net result is that the efficiency of the glyoxalase system will decrease as the glutathione concentration decreases, which may have important consequences under conditions of oxidative stress such as diabetes [7] .
Cellular sources and disposition of meth y Igl yoxal
Although there has been speculation for many years that either methylglyoxal or S- ( 1))-lactoylglutathione, the product of the glyoxalase I reaction, may have important intracellular roles [8, 91, there is little support for the idea that the production of methylglyoxal in eukaryotes is a regulated process. Methylglyoxal appears primarily to be a byproduct of carbohydrate and lipid metabolism, as summarized in Figure 1 . Methylglyoxal is produced nonenzymatically from triose phosphates [6] . In addition methylglyoxal is a byproduct of fructose-1,6-bisphosphate aldolase and triose-phosphate isomerase [ 10, 111. In micro-organisms there is a well characterized methylglyoxal synthase that catalyses the conversion of dihydroxyacetone phosphate into methylglyoxal [12, 131. There is one report of a similar enzyme in eukaryotic systems [ 141. Catabol-
